1. Introduction {#s0005}
===============

Parkinson\'s Disease is currently diagnosed when the cardinal motor sign of bradykinesia appears alongside rigidity, tremor or postural instability ([@bb0595]). This clincal picture is caused by degeneration of dopaminergic neurons in the substantia nigra pars compacta and consequent denervation of the dorsal striatum ([@bb0245]). The pathological hallmark of the disease is the presence of Lewy bodies within these structures, containing intracellular aggregations of misfolded alpha-synuclein. The anatomical origin of the disease process, however, is likely to be further afield, perhaps even outside of the brain ([@bb0120], [@bb0115]). Braak\'s hypothesis suggests that neurodegeneration is initiated in the lower brainstem and anterior olfactory structures before ascending to the basal ganglia and cortical areas in a characteristic sequence. In keeping with this, non-motor symptoms such as hyposmia, autonomic failure and sleep disturbances commonly emerge many years before motor parkinsonism ([@bb0570]). The importance of developing reliable methods for diagnosis during this pre-motor phase is underlined by the observation that \> 50% of nigral dopaminergic neurons and up to 80% of nigrostriatal synaptic activity have been lost by the time the motor phenotype emerges ([@bb0225], [@bb0240]). In the face of such extensive, irreversible neurodegeneration it may be too late to substantially alter the disease course with neuroprotective agents. However, whilst the constellation of prodromal symptoms in Parkinson\'s is well described, most features, for example depression and constipation, are non-specific ([@bb0525]); even those with the highest predictive value for future disease development, such as REM sleep behaviour disorder, leave many questions unanswered regarding an individual\'s trajectory.

In recent years the terms *pre-clinical* and *prodromal* have been used to describe the period between the onset of neurodegeneration and the development of diagnostic motor signs, with *pre-clinical* referring to the asymptomatic phase and *prodromal* describing the emergence of non-motor symptoms as the disease progresses ([@bb0735]). Just as the natural history of established Parkinson\'s encompasses a broad spectrum of disease phenotypes, so the rate of progression through the pre-clinical and prodromal phases is likely to be highly variable. Post-mortem and neuroimaging studies suggest that degeneration within the basal ganglia may commence up to 7 years prior to diagnosis ([@bb0290], [@bb0495]), but prodromal symptoms such as hyposmia and REM sleep behaviour disorder can emerge decades earlier in some cases ([@bb0355], [@bb0655]). The potential window of opportunity that this creates for early therapeutic interventions has led to extensive research activity in search of biomarkers that can reliably detect Parkinson\'s during this period.

The ideal diagnostic imaging test would not only confirm the presence of prodromal Parkinson\'s but also give some information about the lead time to motoric disease and the rate of progression. This inevitably means that long term follow-up will be required before such tests can be validated against the gold standard of clinical diagnosis. Sensitivity to longitudinal change may provide a surrogate imaging marker and demonstration of this in serial assessments would be a valuable characteristic. Reproducibility is crucial as any neuroprotective trials are likely to require multi-site involvement to recruit sufficient numbers of prodromal subjects ([@bb0585]). Finally, any imaging test to enter mainstream clinical practice must be cost efficient and widely available.

2. Pre-clinical and prodromal cohorts {#s0010}
=====================================

When selecting populations in whom to investigate pre-motor neuroimaging tests, a balance must be struck between cohorts that are truly representative of idiopathic Parkinson\'s as a whole and cohorts that are sufficiently enriched for at-risk individuals to enable adequate numbers of positive results to be obtained. Population wide screening may capture the full spectrum of sporadic disease in its pre-clinical and prodromal phases, but is generally not feasible for neuroimaging studies when the outcome of interest is relatively rare. Narrowing down such cohorts by selecting for prodromal features or family history can overcome this problem, but only by selecting for a particular subtype of disease in whom findings may not be wholly generalizable.

Asymptomatic carriers of mutations that cause rare, monogenic forms of Parkinson\'s present the only opportunity to study a highly enriched cohort in the pre-clinical (rather than prodromal) phase. The most common monogenic cause of Parkinson\'s is mutation of the autosomal dominant Leucine Rich Repeat Kinase (LRRK2) gene ([@bb0545]), and families harbouring LRRK2 mutations have been the subject of many neuroimaging studies. However, the incomplete penetrance of this mutation, ranging from 24 to 74% by age 80 in various study populations ([@bb0295], [@bb0700], [@bb0445]), means that long term follow-up is still necessary to confirm true pre-clinical subjects. There is also evidence that the characteristics of the prodromal phase in genetic forms of Parkinson\'s vary according to the gene concerned, calling into question the generalizability of these findings to sporadic disease ([@bb0465], [@bb0125], [@bb0230]). Heterozygous carriers of genes causing recessive forms of Parkinson\'s have also been studied, but the risk of Parkinson\'s in these subjects is low and the form of Parkinson\'s seen in homozygotes exhibits a different pattern of neurodegeneration to sporadic disease and is therefore even less representative ([@bb0470], [@bb0665]). The size of genetic cohorts is also a limitation as large numbers of subjects are likely to be needed to power neuroprotective trials.

Selecting patients on the basis of prodromal features enables the development of large cohorts of at-risk individuals. Amongst the most consistent symptoms of prodromal disease is hyposmia: around 80% of people with Parkinson\'s have impaired olfaction and, in line with Braak\'s hypothesis, it is usually one of the earliest prodromal features to emerge ([@bb0575]). Hyposmia can be objectively quantified with standardised tests such as the self-administered University of Pennsylvania Smell Identification Test ([@bb0175]), or the investigator-administered Sniffin Sticks test ([@bb0335]). Two prospective cohort studies have reported odds ratios of around 6 for the development of Parkinson\'s over a 3 to 4-year period in hyposmic individuals compared to those with normal olfaction ([@bb0635], [@bb0080]). The high sensitivity of hyposmia as a marker for the whole spectrum of Parkinson\'s phenotypes minimises bias in such prodromal cohorts. However, hyposmia is common in the population and relatively non-specific; its low predictive value means that large cohorts are required in order to capture incident Parkinson\'s.

Rapid eye movement sleep behaviour disorder (RBD) has emerged in recent years as the most promising prodromal marker ([@bb0100]). This parasomnia is characterised by loss of the normal atonia that occurs during rapid eye movement (REM) sleep, causing patients to move in response to their dream content ([@bb0370]). Up to half of patients with Parkinson\'s have RBD ([@bb0620]), and around 20% report its onset prior to motor symptoms ([@bb0570]). Importantly, long-term cohort studies suggest that as many as 90% of people who develop isolated RBD will go on to develop Parkinson\'s or another neurodegenerative disorder, most of which are also related to alpha-synuclein, such as Dementia with Lewy Bodies (DLB) or Multiple System Atrophy (MSA) ([@bb0360], [@bb0315]). The positive predictive value of RBD therefore exceeds even that of LRRK2 mutation carriers. Although it could be argued that such a high conversion rate obviates the requirement for a diagnostic test in these individuals, the latency from development of RBD to diagnosis of Parkinson\'s is highly variable ([@bb0355], [@bb0360]). There remains a need for tests that can provide information regarding lead time and progression of prodromal neurodegeneration.

Whilst most prodromal neuroimaging research has been conducted in RBD cohorts, studying RBD is not without limitations. Firstly, we cannot yet predict which alpha-synucleinopathy these patients will develop in future. This may not matter if the objective is to treat with an agent that targets a common molecular pathway, such as monoclonal antibodies against alpha-synuclein. Furthermore, some promising imaging biomarkers may themselves shed light on the ultimate disease phenotype. A second limitation is that Parkinson\'s patients who develop RBD in the prodromal phase may represent a particular subtype of disease, with an akinetic-rigid motor phenotype and more severe non-motor symptoms such as depression, autonomic failure and cognitive impairment ([@bb0370], [@bb0620]). Neuroimaging studies in established Parkinson\'s support this, with evidence of more widespread degeneration in Parkinson\'s patients with concomitant RBD ([@bb0415], [@bb0105]). Finally, a male to female ratio of around 5:1 is typically seen in idiopathic RBD, compared with 2:1 in Parkinson\'s. Whether RBD is truly distributed in this pattern or simply more likely to be reported in men, the underrepresentation of women in these cohorts is a significant source of bias. Despite these limitations, imaging studies in RBD have generated some of the most promising prodromal biomarkers to date.

3. Neuroimaging in pre-motor Parkinson\'s {#s0015}
=========================================

Development of a diagnostic imaging test for pre-clinical or prodromal Parkinson\'s is a significant challenge given that such a test has so far failed to supplant clinical diagnosis in established Parkinson\'s. However, recent expansion in the number of prodromal cohorts under investigation and the development of novel imaging techniques make this a rapidly advancing field with great near-term potential. This review will focus predominantly on those studies with diagnostic and prognostic potential for prodromal Parkinson\'s in general, rather than studies devoted to mechanisms of pathogenesis, phenotypic variation or cohort-specific factors, though these will be covered briefly when relevant. The wide range of imaging modalities that has been investigated can be broadly divided into three approaches: 1) those that target dopaminergic function in the basal ganglia 2) those that directly image the substantia nigra and 3) those assessing perturbations of disease-related brain networks.

3.1. Dopaminergic radiotracer imaging {#s0020}
-------------------------------------

Assessment of the integrity of dopaminergic circuits in the basal ganglia can be made using a range of radio-labelled ligands, detected with single photon emission computed tomography (SPECT) or positron emission tomography (PET) ([@bb0135]). The most frequently labelled structure with SPECT is the presynaptic dopamine transporter (DAT), which is responsible for re-uptake of dopamine from the synaptic cleft by the pre-synaptic nerve terminal. Visualisation of this structure with ^123^I-FP-CIT (ioflupane) SPECT is currently the only imaging method to be approved by the Food and Drug Administration (FDA, United States) and the National Institute for Health and Care Excellence (NICE, United Kingdom) for the differentiation of parkinsonian syndromes from other causes of tremor. In this regard it can separate cases of parkinsonism from essential tremor with sensitivity of 95% and specificity of 93% ([@bb0035]), and consistently demonstrates greater specificity than clinical examination in diagnostically uncertain cases ([@bb0455], [@bb0380]).

PET has been used with various radio-labelled ligands to interrogate aspects of dopaminergic transmission in the basal ganglia ([@bb0135], [@bb0750]). The presynaptic dopamine transporter (DAT) can be targeted with compounds such as ^18^F-FP-CIT, ^11^C-methylphenidate (^11^C-MP) or ^18^F-FE-PE2I ([@bb0725]). The intracellular vesicular monoamine transporter (VMAT2) is responsible for re-packaging dopamine into vesicles, and is commonly labelled with ^11^C-dihydrotetrabenazine (^11^C-DTBZ) or ^18^F-fluoropropyl-dihydrotetrabenazine (^18^F-FP-DTBZ). ^18^F-DOPA is taken up by neurons in the same manner as L-DOPA, where it is a substrate for dopa decarboxylase; imaging this compound therefore reflects the brain\'s capacity to take up, process and store dopamine. Finally, ligands such as ^11^C-raclopride or ^18^F-fallypride can be used to measure binding to the post-synaptic dopamine D2 and D3 receptor, as can the SPECT compound ^123^I-IBZM (iodobenzamide).

The presynaptic DAT signal is depressed in the posterior putamen early in the course of Parkinson\'s disease and demonstrates characteristic asymmetry in the pattern of signal loss ([@bb0140]). The level of striatal DAT binding in PD correlates with contralateral clinical measures of bradykinesia and rigidity ([@bb0040]), as well as with the degree of dopaminergic cell loss in the substantia nigra post-mortem ([@bb0420]). It is sensitive to longitudinal changes, demonstrating a significantly faster rate of decline in patients with Parkinson\'s than in healthy controls ([@bb0450], [@bb0560]), although this must be interpreted with caution in the context of treatment with medications that might themselves lead to downregulation of DAT levels ([@bb0135]). This potential confounding effect of medication is avoided when studying pre-motor Parkinson\'s, and the fact that substantial nigro-striatal cell loss occurs before the onset of motor symptoms makes dopaminergic radiotracer imaging an attractive modality to evaluate preclinical and prodromal disease. A major disadvantage of both PET and SPECT, however, is the exposure of subjects to ionising radiation. This is a particular limitation in younger subjects and in serial longitudinal studies where the cumulative risk of repeated scans may be unacceptable.

### 3.1.1. Dopaminergic imaging in hyposmic cohorts {#s0025}

Several studies using SPECT have demonstrated pathologically reduced DAT signal in a proportion of people with idiopathic hyposmia ([@bb0565], [@bb0385], [@bb0720]). In one cohort comprising relatives of Parkinson\'s patients, 18% of hyposmic individuals had an abnormal DAT SPECT scan, and the rate of signal loss on serial imaging was significantly higher than in subjects with normal olfaction ([@bb0565]). Of the seven hyposmic relatives with an abnormal baseline scan, the four with the lowest DAT binding developed Parkinson\'s within 2 years.

By far the largest study to evaluate DAT SPECT in prodromal Parkinson\'s is the Parkinson\'s Associate Risk Syndrome Study (PARS), which also selected patients on the basis of olfactory impairment ([@bb0385]). 11% of 203 hyposmic subjects had abnormal DAT imaging, compared to 1% of 100 normosmic controls. The combination of hyposmia with two other known Parkinson\'s risk factors -- male sex and constipation -- increased the abnormal scan rate to \> 40%. After 4 years, 51% of the hyposmic individuals with a DAT deficit converted to Parkinson\'s and these subjects had substantially faster decline in the DAT signal on serial imaging than hyposmic non-converters ([@bb0390]). Further follow-up will establish the true predictive value of DAT SPECT in these subjects, but this already demonstrates substantial enrichment for a population-ascertained cohort. However, given the low overall incidence of PD in this group, identification of clinical features that can further risk stratify subjects prior to imaging will be important for future studies.

### 3.1.2. Dopaminergic imaging in REM Sleep Behaviour Disorder (RBD) cohorts {#s0030}

Early studies using PET and SPECT to image presynaptic and vesicular dopamine transporters in RBD confirmed that a deficit is detectable in these patients ([@bb0015], [@bb0205]), and subsequent larger cohorts comparing RBD subjects to healthy controls have demonstrated that around 20--40% of RBD patients have abnormal DAT imaging ([@bb0410], [@bb0345], [@bb0300]). The DAT deficit seen in RBD is less severe than in established Parkinson\'s ([@bb0210], [@bb0020]), suggesting that dopaminergic imaging may have the potential to quantify progression through the prodromal phase. The presence of subtle motor abnormalities in RBD subjects is more predictive of a DAT deficit than hyposmia ([@bb0640], [@bb0740]), consistent with longitudinal studies in RBD showing that motor signs occur late in the prodromal phase whereas olfaction is lost early ([@bb0580]). Reduced F-DOPA uptake in the putamen has also been reported in a single study of 11 RBD patients with concurrent major depressive disorder ([@bb0810]).

In one of the largest studies using DAT SPECT, Iranzo and colleagues found pathologically reduced ^123^I-FP-CIT binding in 17 out of 43 individuals with RBD ([@bb0345]). After 2.5 years, 6 of these subjects had developed an alpha-synuclein related neurodegenerative disorder (PD in 4 cases, DLB in one and MSA in one). However, two subjects with a normal SPECT scan also pheno-converted, whilst 65% of those with an abnormal scan remained disease free. A follow-up study with serial imaging in 20 RBD subjects suggests that the rate of decline in DAT signal may be a predictor of imminent conversion ([@bb0350]) ([Fig. 1](#f0005){ref-type="fig"}). Over 3 years, the DAT signal declined by an average of 6% per year in RBD subjects, compared to around 3% per year in controls. In the three subjects who converted to Parkinson\'s during follow-up, the rate of decline was 10%, and these three subjects had the lowest DAT signal at baseline assessment.Fig. 1Serial SPECT images from two patients (A--C and D--F) with RBD, showing labelling of the basal ganglia with ^123^I-FP-CIT. Images are at baseline (A and D), 1.5 years (B and E) and 3 years (C and F). A greater signal decline over time is seen in the patient who developed Parkinson\'s (D--E) than in the patient who did not (A--C).Fig. 1([@bb0350] reused with permission)

### 3.1.3. Dopaminergic imaging in genetic cohorts {#s0035}

The use of dopaminergic imaging as a pre-clinical biomarker in asymptomatic LRRK2 carriers has yielded some elegant results. In a cross-sectional study of a large Spanish cohort, DAT SPECT revealed pathologically reduced striatal uptake in 43.7% of 32 asymptomatic carriers ([@bb0705]). This figure closely matches the observed penetrance of the mutation and it will be interesting to see from longitudinal follow-up whether these individuals are indeed those who go on to develop clinical disease.

The use of three different PET ligands in a study of two North American kindreds revealed a pattern of progressive neurodegeneration in asymptomatic LRRK2 carriers that provides insight into the mechanism of pathogenesis at different pre-motor stages ([@bb0010]). Out of six asymptomatic carriers, all had normal F-DOPA uptake; four had abnormal DAT signal measured by ^11^C-MP, and two of these subjects had abnormal VMAT2 levels, measured by ^11^C-DTBZ. At follow-up after 2.5 years one of these two subjects had converted to clinical Parkinson\'s, and this was accompanied by the development of abnormal F-DOPA uptake ([@bb0510]). This intriguing result mirrors the changes seen in early Parkinson\'s, where compensatory mechanisms downregulate presynaptic DAT in the already reduced number of presynaptic terminals, and upregulate dopa decarboxylase ([@bb0430]). It follows that reduction of DAT might be the most sensitive marker of prodromal disease in the striatum, whilst loss of the ability to synthesise and store dopamine may be the critical factor that precipitates clinical motoric disease. Despite the histopathological differences that can occur between LRRK2-related and sporadic Parkinson\'s ([@bb0825]), affected relatives in this kindred had PET imaging findings that were indistinguishable from those seen in sporadic disease. Larger studies in other prodromal cohorts using this multiple PET ligand approach will be valuable in determining its capacity to delineate prodromal Parkinson\'s and predict conversion more generally.

Subtle deficits on dopaminergic radiotracer imaging have been demonstrated in asymptomatic heterozygotes carrying one copy of the *parkin* mutation ([@bb0555], [@bb0550]) - a rare cause of recessive familial Parkinson\'s - and it has been suggested that there may be an increased risk of Parkinson\'s in these subjects. However, despite the presence of mild motor signs in some cases, the imaging and clinical deficits do not appear to deteriorate significantly with time ([@bb0405]). Furthermore, the pattern of striatal signal loss in homozygous individuals with parkinsonism is quite different from sporadic disease, with less sparing of the caudate nuclei ([@bb0665]). A similar story is reported with *PINK1* heterozygotes, another gene causing recessive Parkinson\'s; despite moderate group-level reductions in F-DOPA uptake and subtle motor signs, the risk of developing overt Parkinson\'s appears to be low ([@bb0185]). These findings, as well as the scarcity of such subjects, make recessive heterozygotes less promising as pre-clinical cohorts.

Mutations in the glucocerebrocidase (GBA) gene, which cause the autosomal recessive lysosomal storage disorder Gaucher\'s disease, are one of the most prevalent genetic risk factors for Parkinson\'s disease ([@bb0515]). Heterozygous GBA mutations occur in around 4--7% of sporadic cases and are 5 times more common in PD patients than in controls ([@bb0695]). However, despite evidence of a more severe non-motor prodrome in these patients ([@bb0125]), the only study to conduct F-DOPA PET in non-PD heterozygous carriers found no evidence of signal loss in the striatum ([@bb0265]). There was, however, reduced striatal F-DOPA uptake in a small proportion of Gaucher\'s patients without Parkinsonism, potentially revealing a pre-parkinsonian disease state. On this evidence GBA heterozygotes in isolation are unlikely to be a useful pre-clinical cohort, but given the high frequency of GBA mutations the presence of these could potentially contribute to the risk stratification of population cohorts.

3.2. Imaging of the substantia nigra {#s0040}
------------------------------------

Direct visualisation of the substantia nigra with neuroimaging has obvious appeal as a potential diagnostic approach given the specificity of degeneration in this area to parkinsonian disorders. Quantification of nigral tissue using cross-sectional imaging has been limited by the spatial resolution of these methods and the lack of sensitivity to detect subtle signal change in this area, though recent advances in MRI methodology have shown promise in overcoming these hurdles. Transcranial ultrasound on the other hand has been used for many years to image this key pathological area, and may have a role to play in pre-clinical risk stratification.

### 3.2.1. Transcranial sonography (TCS) {#s0045}

Transcranial ultrasound across the temporal bone can be used to directly visualise midbrain structures and qualitatively assess their echogenic properties. The key abnormality detected by this technique is increased echogenicity of the substantia nigra, which is consistently found in up to 90% of patients with Parkinson\'s disease ([@bb0050], [@bb0605], [@bb0320], [@bb0435]) ([Fig. 2](#f0010){ref-type="fig"}). The origin of this signal is not fully understood but it has been shown to correlate with iron deposition ([@bb0055]) and microglia activation ([@bb0070]) in the substantia nigra. Hyperechogenicity does not appear to reflect the dynamics of the neurodegenerative process as the signal can be detected at an early age, does not change with time in established disease ([@bb0340], [@bb0060]) and does not correlate with objective measures of disease severity ([@bb0050]). The diagnostic value of TCS is limited by the presence of an abnormal signal in around 10% of healthy subjects ([@bb0675]) and it does not accurately differentiate PD from other causes of parkinsonism ([@bb0110]). Furthermore, insufficient bone windows in 10--20% of Caucasian individuals and up to 60% of people of Asian origin are an additional drawback ([@bb0065]). Despite these limitations, it is a safe, inexpensive and non-invasive test which makes it a good candidate for screening large unselected cohorts.Fig. 2Transcranial ultrasound (TCS) of the midbrain. A: axial T1-weighted MRI at the level of the midbrain demonstrating the approximate area imaged by TCS in B and C. B: TCS of the midbrain (outlined) in an individual with normal appearances of the substantia nigra (SN). Arrowheads indicate signal from the surrounding basal cisterns. R = raphe. C: TCS from an individual with hyperechogenicity of the substantia nigra (SN, encircled within the midbrain outline). White arrows indicate the position of the red nuclei.Fig. 2([@bb0065], reused with permission)

#### 3.2.1.1. TCS in population studies {#s0050}

In a study using TCS in a population-ascertained cohort of 1847 older persons, 17% were found to have abnormal echogenicity of the substantia nigra ([@bb0075]). After 5 years, 21 individuals had developed Parkinson\'s, of whom 78% had an abnormal baseline signal, making the risk of Parkinson\'s in those with an abnormal test 20 times higher than in those without ([@bb0085]). The high prevalence of hyperechogenicity in the population and relatively low conversion rates limited the positive predictive value of the test to only 6.5% at 5 years, but this study nevertheless demonstrates the ability of TCS to substantially enrich cohorts for at-risk individuals.

#### 3.2.1.2. TCS in REM sleep behaviour disorder (RBD) {#s0055}

Hyperechogenicity of the substantia nigra has been demonstrated in 35--50% of patients with idiopathic RBD, in keeping with the recognised prodromal risk status in these individuals ([@bb0745], [@bb0375], [@bb0690], [@bb0365]). As with established Parkinson\'s, the signal does not change with time in RBD and its ability to predict pheno-conversion in longitudinal studies is disappointing ([@bb0365]). Several studies have found no correlation in RBD subjects between substantia nigra hyperechogenicity and dopaminergic dysfunction measured by DAT or PET ([@bb0345], [@bb0640], [@bb0780], [@bb0480]). These results further suggest that the TCS finding may be a binary susceptibility marker in RBD rather than a quantifiable measure of neurodegeneration. The combination of TCS and DAT SPECT was shown to be 100% sensitive for conversion from RBD to a parkinsonian disorder in one study ([@bb0345]). Whilst this might provide some reassurance to those with normal imaging, the result is difficult to interpret given the lack of concordance between the two imaging modalities.

Interestingly, if the signal is truly static it ought to provide an estimate of the number of prodromal subjects in a given cohort, by comparing the rates of hyperechogenicity with those seen in Parkinson\'s and controls in the same centre. For example, Iwanami and colleagues ([@bb0375]) found an abnormal TCS signal in 14 out of 34 RBD subjects, as well as in 53% of Parkinson\'s patients and 10% of healthy controls. If the signal does not change over time, one could calculate that that the RBD cohort may be comprised of 25 individuals with prodromal Parkinson\'s and 9 without.

#### 3.2.1.3. TCS in genetic cohorts {#s0060}

A number of studies have investigated TCS in asymptomatic LRRK2 carriers, the results of which highlight the complexity of genetic susceptibility factors in Parkinson\'s. Substantia nigra hyperechogenicity is reported in up to 90% of asymptomatic carriers ([@bb0710], [@bb0145], [@bb0130], [@bb0800]), a figure that exceeds the penetrance of the mutation. Furthermore, non-carrier relatives have markedly increased rates of hyperechogenicity compared to unrelated control subjects.([@bb0800]) These observations suggest the sonographic findings are the result of a more widespread genetic risk profile and are unlikely to be a useful predictor of future pheno-conversion in this population. Again, the limitations in generalizability using genetically predisposed cohorts are illustrated by such studies.

### 3.2.2. MRI of the substantia nigra {#s0065}

Whilst MRI is commonly used in clinical practice as an adjunctive test in the differential diagnosis of parkinsonian syndromes, reliable identification of the specific neurodegenerative signature of idiopathic PD has not been possible with routine imaging sequences ([@bb0140], [@bb0610]). However, the capacity to resolve the key brainstem structures and identify relevant pathological changes has improved with the advent of high field strength MRI scanners and sequences targeting specific molecular processes. Some of the most promising results come from direct imaging of the substantia nigra.

Diffusion tensor imaging (DTI) has been used to assess the integrity of nigrostriatal fibres in Parkinson\'s in a number of studies. Reduced fractional anisotropy in the substantia nigra in PD patients compared to controls is frequently reported ([@bb0820]) and reached significance in a recent meta-analysis ([@bb0160]). However, there is substantial variation in results amongst DTI studies and as yet a consistent biomarker has not emerged that can accurately categorise individual patients ([@bb0680]). Evidence in prodromal conditions is limited to a small number of studies in RBD, which have yielded similarly mixed results. Group level changes in diffusion parameters have been reported in the substantia nigra ([@bb0785], [@bb0250]), but this is not a consistent finding ([@bb0670], [@bb0590]). Much of the variation between studies is a result of methodological differences and it remains to be seen whether DTI can reliably detect early nigral degeneration once this technique is further refined.

More promising has been the finding that high field strength MRI with T2\*-weighted sequences reveals a characteristic high signal area within the dorsolateral substantia nigra that is present in healthy controls and lost in patients with Parkinson\'s. A study comparing *in vivo* 7-Tesla MRI with *post mortem* MRI and histopathology found that this signal corresponds to the anatomical location of nigrosome 1, the nigral area that sustains maximal loss of dopaminergic neurons in Parkinson\'s ([@bb0095]). A follow-up study using clinical 3T MRI with a susceptibility weighted (SWI) sequence replicated this finding in a retrospective evaluation of 9 PD patients and 81 controls, and a prospective analysis of 10 PD patients and 9 controls ([@bb0685]). The authors coined the term 'swallow tail sign' in reference to the characteristic appearance of the presumed nigrosome 1 in healthy controls ([Fig. 3](#f0015){ref-type="fig"}). In blinded assessments of this sign by two independent neuroradiologists, accuracy against the gold standard clinical diagnosis was 96% for the retrospective series, with sensitivity of 100% and specificity of 95%. In the prospective study 8 of 9 controls and 8 of 10 PD patients were correctly classified. A subsequent study replicated the classification accuracy of this sign in PD and extended the finding to MSA and PSP, where it was 100% sensitive ([@bb0600]).Fig. 3Clinical high resolution 3D--T2\*/SWI MRI of the midbrain showing the normal appearance of the substantia nigra (right image) with high intensity signal in the dorsolateral region, and absence of this feature (left image) in a patient with Parkinson\'s.Fig. 3([@bb0685])

Only one study has investigated this sign in pre-clinical disease ([@bb0170]). De Marzi and colleagues performed SWI sequences in 15 RBD subjects, 104 Parkinson\'s patients and 42 healthy controls. The dorsal nigral hyperintensity was absent in 92% of PD cases, and present in 97% of controls. 77% of RBD patients also had absence of the sign. Such a high rate in RBD patients may indicate that this sign develops early in the prodromal phase, or that it indicates a susceptibility trait in the same manner as TCS hyperechogenicity. Further studies in larger and more diverse prodromal cohorts with longitudinal follow-up will determine whether the signal can stratify patients according to their prodromal stage, but even if it is a trait marker, the low positivity observed in controls would make its predictive value greater than that of TCS. A limitation of this technique at present is that in 5--10% of cases the images are of insufficient quality for diagnostic assessment, usually due to motion artifacts.

Another disease specific target of MRI that has emerged recently is neuromelanin, a pigment expressed in high quantities in the substantia nigra and locus coeruleus ([@bb0220]). Neuromelanin is responsible for the for the dark colour of these structures and may contribute to their susceptibility to alpha-synuclein mediated neurodegeneration ([@bb0280]). It is an iron chelator, which makes it visible to MR imaging due to the complex\'s paramagnetic properties. Modified T1-weighted sequences that are sensitive to neuromelanin display high signal intensity in areas where it is expressed and differences in this signal are observed between Parkinson\'s patients and controls ([@bb0650]). A recent study used an automated segmentation protocol with neuromelanin-sensitive images to make an objective assessment of focal atrophy in the substantia nigra ([@bb0155]); this technique separated PD patients from controls with an AUC of 0.93--0.94. In the context of prodromal disease, neuromelanin-sensitive sequences have been used in RBD patients, where loss of neuromelanin in the coeruleus/subcoeruleus complex is observed ([@bb0250], [@bb0190]). The technique has not yet been used to measure nigral degeneration in prodromal cohorts and it will be interesting to compare the sensitivity of this technique against SWI imaging in these subjects. Looking further ahead, new methods for automated MRI segmentation of brainstem structures may allow us to further resolve the key sites of prodromal neurodegeneration and thereby stage the disease process non-invasively ([@bb0425]).

3.3. Imaging brain network activity {#s0070}
-----------------------------------

Many of the imaging techniques described so far either directly or indirectly measure changes in the structural integrity of brain regions involved in disease pathogenesis and as such they reveal a degree of irreversible neurodegeneration. Disruptions of normal brain network dynamics may instead reflect early changes in synaptic function caused by the accumulation of abnormal alpha-synuclein. The possibility that such functional changes precede neuronal death makes them of particular interest in pre-clinical diagnostics. Furthermore, changes in functional brain organisation can potentially reveal patterns that are more disease specific than structural abnormalities and may therefore be more predictive of future phenotype in prodromal cohorts ([@bb0520]). Various imaging modalities have been applied to investigate network-level changes, measuring either metabolic activity, regional cerebral blood flow or changes in blood oxygenation. Most studies record these parameters in the resting state, avoiding the potential confounding factors in task-related imaging and therefore increasing their replicability and potential for translation into the clinical arena.

### 3.3.1. Imaging networks through metabolism and perfusion {#s0075}

PET is commonly used to measure metabolic activity in the brain with the ligand ^18^F--fluorodeoxyglucose (FDG). This gives a readout of cellular glucose uptake, which is physiologically most correlated to afferent synaptic activity and neuronal connectivity. Patterns of brain perfusion have been investigated in pre-motor Parkinson\'s primarily with SPECT, using ^99m^Tc-Ethylene Cysteinate Dimer (ECD) as a marker of regional cerebral blood flow (rCBF). These two characteristics are not analogous, particularly in the context of medications that have vasoactive properties ([@bb0520]); nevertheless, consistent patterns of brain activity have been demonstrated using both modalities. More recently, the development of arterial spin labelled (ASL) MRI has enabled brain perfusion to be imaged non-invasively and without exposure to ionising radiation. ASL is limited by a relatively poor signal to noise ratio and its clinical potential remains somewhat uncertain, but it has demonstrated similar network patterns to PET and SPECT in established PD ([@bb0475], [@bb0770]).

The identification of a spatial covariance pattern specific to Parkinson\'s disease has been one of the most promising applications of network imaging techniques. This Parkinson\'s Disease Related Pattern (PDRP) is detected using a principal component analysis (PCA)-based method known as the Scaled Subprofile Model (SSM). The approach, which is described in detail elsewhere ([@bb0730]), involves the extraction of biologically relevant signals from pooled control and patient data using a whole brain multivariate analysis. The process is entirely data driven and as such it does not depend on *a priori* hypotheses regarding specific brain areas. The PDRP is characterised by increased activity in the pallido-thalamic and pontine regions with relative cortical reductions in the premotor, supplementary motor and parietal association areas ([@bb0195]). It is highly reproducible within subjects and between populations ([@bb0440], [@bb0485]) and in established Parkinson\'s demonstrates progression over time and correlation with clinical severity measures ([@bb0325], [@bb0200]). All of these factors make it a potentially valuable biomarker in clinical neuroprotective trials. Other network patterns have also been described in Parkinson\'s using this approach, which appear to reflect particular phenotypic features such as tremor and cognitive impairment ([@bb0330], [@bb0500]).

#### 3.3.1.1. Brain perfusion and metabolism in prodromal cohorts {#s0080}

REM sleep behaviour disorder has been the focus of most of the studies to investigate metabolic and perfusion abnormalities in prodromal disease. Group level assessments of regional blood flow in RBD patients compared to controls have generated somewhat inconsistent results, but tend to show increased flow in subcortical regions, including the pons and putamen, and decreases in cortical areas ([@bb0460], [@bb0285]). Clinical measures of cognition, olfaction and colour vision have been reported to correlate with decreased perfusion in the hippocampus, anterior parahippocampal gyrus and visual cortex respectively, suggesting that these perfusion measures have clinical relevance in prodromal disease ([@bb0790], [@bb0795]). Decreases in rCBF over time have also been found with serial imaging of RBD patients, perhaps indicating a biomarker sensitive to progressive neurodegeneration ([@bb0645]). A reproducible finding in RBD patients is increased perfusion in the hippocampus compared to controls, which is supported by the demonstration of a corresponding increase in metabolic activity in this region using FDG PET ([@bb0795], [@bb0165], [@bb0255]). In one of the few longitudinal experiments to assess the predictive value of ECD SPECT, a larger increase in hippocampal perfusion was observed in 10 RBD patients who subsequently pheno-converted to parkinsonian disorders compared to 10 RBD patients who did not ([@bb0165]).

Tang and colleagues investigated PDRP expression in a pseudo pre-motor situation by measuring the clinically unaffected hemisphere of early Parkinson\'s patients with unilateral signs ([@bb0760]). They found increased PDRP expression in the 'asymptomatic' hemisphere, which preceded the development of clinical disease in the contralateral limbs by 2 years. However, interpretation of this finding is limited by the fact that the PDRP signal was always symmetrical, which suggests that its expression on the 'unaffected' side may be attributable to contralateral basal ganglia degeneration.

Evidence that PDRP expression may be able to quantify the transition from prodromal to clinical Parkinson\'s is presented by [@bb0815] in a comparison of the network between RBD, Parkinson\'s and control subjects using FDG PET. They found the PDRP to be expressed at intermediate levels in RBD subjects, significantly higher than in healthy controls but lower than patients with moderate PD. However, the increase in expression from RBD subjects to early stage Parkinson\'s did not reach significance. The authors also identified a distinct network in RBD subjects that was not present in controls and was expressed at lower levels in PD patients. They propose that this RBD related pattern is a marker of the prodromal phase of Parkinson\'s that decreases with the emergence of clinical disease, though since they did not exclude the presence of RBD in their PD cohort the specific relationship of this pattern to RBD itself cannot be assessed. Further investigation with longitudinal follow-up will no doubt resolve this question.

One benefit of the PDRP as a biomarker is that it can differentiate idiopathic PD and DLB from other parkinsonian disorders such as MSA and PSP ([@bb0765]), something that is not possible with presynaptic dopaminergic radiotracer imaging alone ([@bb0135]). This is important in the context of pre-motor disease as MSA in particular can exhibit a similar prodromal phenotype to Parkinson\'s disease. An intriguing recent study in RBD with considerable longitudinal follow up suggests that this distinction may be possible prior to the emergence of motoric disease ([@bb0310]). Firstly, the presence of PDRP expression was confirmed in two RBD cohorts, using FDG PET and ECD SPECT respectively. The latter cohort was evaluated clinically after a 4.6-year mean follow-up period, during which 8 patients converted to either PD or dementia with Lewy Bodies (DLB). A logistic regression analysis combining baseline PDRP expression and age separated converters and non-converters into two distinct clusters. Further analysis of 3 RBD subjects who subsequently developed MSA showed that these formed a separate cluster using this model, which was largely accounted for by reduced PDRP expression compared to both non-converters and PD/DLB converters ([fig. 4](#f0020){ref-type="fig"}). The fact that converters to PD and DLB could not themselves be differentiated is unsurprising since these disorders likely represent a spectrum of common disease rather than truly distinct syndromes. It seems increasingly likely that pre-motor diagnosis will require a combination of both clinical and imaging biomarkers; this study provides encouraging evidence that the PDRP might contribute to such a model.Fig. 4A: representation of the Parkinson\'s Disease Related spatial covariance pattern (PDRP) derived from FDG-PET imaging, with increased metabolic activity denoted in red-yellow and decreased metabolic activity in blue-green. B: baseline PDRP expression levels in 20 individuals with RBD, divided into those who remained disease free (CON(−)) and those went on to develop MSA or PD/DLB. C: A combination of PDRP expression and age was able to separate the three groups into distinct clusters. (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this chapter.)Fig. 4([@bb0310] reused with permission)

### 3.3.2. Functional MRI (fMRI) networks {#s0085}

Fluctuations in the resting brain\'s activity can be inferred from changes in the blood oxygen level dependent (BOLD) signal detected with appropriate T2\*-sensitive MRI sequences ([@bb0030]). Approaches to network characterisation generally involve either temporal correlation of this activity with a pre-defined region of interest or a data-driven approach, for example with independent component analysis (ICA) ([@bb0395]). The functional connectivity networks that emerge closely mirror patterns of activation observed in task-based fMRI experiments ([@bb0715]), suggesting that physiologically relevant interactions between brain regions can be probed in the resting state. Advantages of imaging brain connectivity with MRI are that such scans are short, non-invasive, free from ionising radiation and easy to acquire using widely-available hardware. Resting state functional MRI (rs-fMRI) can reveal perturbations of functional connectivity in neurodegenerative disorders in the absence of structural changes ([@bb0025]), in some cases decades before the onset of clinical disease ([@bb0235]), suggesting that these methods are sensitive to early pathogenic processes.

Group level differences in functional connectivity (FC) between patients with established Parkinson\'s disease and controls have been observed in various brain regions, and the demonstration of correlations between FC and clinical measures is encouraging for the development of a quantifiable biomarker ([@bb0540]). One study has even reported a correlation between reduced FC in the sensorimotor network and reduced CSF alpha-synuclein levels, potentially indicating a more direct representation of the pathological process, since PD is associated with reduced total CSF alpha-synuclein compared to controls ([@bb0150], [@bb0490]). Disturbances of connectivity within the basal ganglia are a potentially disease-specific characteristic and these have been demonstrated in Parkinson\'s disease. Hacker et al. used a seed-based approach to assess connectivity between the striatum and brainstem, and as well as showing reduced FC in Parkinson\'s patients they demonstrated a connectivity gradient across the striatum that mirrors the known susceptibility of different striatal regions to PD-related neurodegeneration ([@bb0275]). More recently, our group used an ICA-based approach to define a basal ganglia network (BGN) from a large group of control participants ([@bb0755]). Measurements of FC within this network differentiated Parkinson\'s patients from controls with 100% sensitivity and 89.5% specificity. This pattern of reduced connectivity in the BGN is robust to methodological variations ([@bb0270]) and is not seen in Alzheimer\'s neurodegeneration ([@bb0625]). Importantly, the reduction in FC seen in Parkinson\'s patients was reversed with levodopa, mirroring the clinical feature of levodopa responsiveness which forms an important part of PD diagnosis.

#### 3.3.2.1. Functional connectivity in RBD {#s0090}

Only two studies have assessed rs-fMRI in patients with REM sleep behaviour disorder. Using the same ICA-derived template described above, we recently investigated functional connectivity in the basal ganglia network in 26 individuals with RBD compared with Parkinson\'s patients and healthy control participants ([@bb0630]). Interestingly, the reduction in BGN connectivity seen in RBD was of a similar magnitude to that in established Parkinson\'s, despite evidence of less striatal denervation in a subset of RBD patients who also underwent DAT SPECT ([Fig. 5](#f0025){ref-type="fig"}). Longitudinal follow-up is underway to assess the predictive value of the BGN signal for future pheno-conversion but this evidence suggests that connectivity disruptions may be a very early sign of pre-motor neurodegeneration. In contrast with our data, Ellmore and colleagues demonstrated an intermediate phenotype in RBD patients using a seed-based analysis to look at connectivity with the substantia nigra (SN) ([@bb0215]). The pattern was not always consistent, but correlations between left SN and putamen, and between right SN and superior occipital gyrus, were reduced in RBD patients compared to controls but not to the extent seen in PD patients. Both of these approaches require replication in other cohorts, as well as longitudinal investigations to assess the change in these signals with time.Fig. 5Resting state MRI in individuals with RBD, PD and healthy controls. Panel 1 (left): resting state functional connectivity in PD (A) and RBD (B). The basal ganglia network template derived from a separate group of control participants is shown in red-yellow. Areas where functional connectivity was significantly reduced compared to controls is shown in blue. Panel 2 (right): extracted mean parameter estimates from the clusters with significantly different connectivity in both the PD *versus* control and RBD *versus* control comparisons. Box plots represent the group mean and quartiles with whiskers denoting minimum and maximum values. (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this chapter.)Fig. 5([@bb0630])

#### 3.3.2.2. Functional connectivity in genetic cohorts {#s0095}

Studies in asymptomatic LRRK2 mutation carriers have also revealed pre-symptomatic changes in brain network activity. Two task-based fMRI studies have demonstrated increases in effective connectivity between basal ganglia and cortical regions including the premotor cortex ([@bb0535], [@bb0775]), perhaps suggestive of mechanisms compensating for early neurodegeneration. Increased task-related premotor cortex activity has also been reported in heterozygous carriers of the PINK1 and *parkin* mutations ([@bb0530]). Resting state connectivity using a seed-based approach in 37 asymptomatic LRRK2 carriers revealed a shift in the pattern of connectivity between the right inferior parietal cortex (IPC) and the putamen ([@bb0305]). Compared to controls, the LRRK2 carriers had decreased connectivity between right IPC and dorsoposterior putamen and increased connectivity between right IPC and ventroanterior putamen, in keeping with early degeneration in the posterior regions and compensation anteriorly. Similar group-level cortico-striatal connectivity reductions have been seen in a separate LRRK2 cohort, which also reported correlations between FC and subcortical grey-matter volumes ([@bb0805]).

Whilst these resting state fMRI studies support the idea that connectivity changes precede the development of motor Parkinson\'s, some limitations of the technique should be noted. The signal is rather sensitive to motion artifacts and shows test-retest variability within subjects. At present the reproducibility of findings amongst different cohorts remains to be established and it is uncertain whether the promising group-level results will translate in to biomarkers that can be used on an individual basis.

4. Concluding remarks and Future directions {#s0100}
===========================================

The considerable volume of work dedicated to neuroimaging in pre-clinical and prodromal Parkinson\'s in recent years has generated a number of promising early biomarkers. In addition to results from imaging modalities that are well characterised in established Parkinson\'s, novel techniques analysing brain networks and nigral structure give particular cause for optimism. Developments in MRI biomarkers raise the tantalising possibility of a widely available, non-invasive diagnostic test for prodromal disease in the near future.

Despite this promise, some important obstacles remain to be overcome. Reproducibility is a major issue and several of the methodologies described in this review require further replication in distinct populations. Translation of group level differences into meaningful individual results is also a challenge, and is limited by the relatively small sample size in many studies. Few of the studies discussed include longitudinal follow-up, something that will be crucial both to establish the change in imaging signals over time as well as to validate putative biomarkers against clinical outcomes.

All of the imaging methods studied thus far give a somewhat indirect readout of disease status rather than a specific quantification of the underlying pathological process. This issue has led to problems in the study of other neurodegenerative diseases, particularly in the context of clinical trial design ([@bb0400]), and given the fallibility of clinical diagnosis in up to 20% of Parkinson\'s disease cases ([@bb0615]) this is an important consideration. The development of a method to image alpha-synuclein directly would address this, but there remain significant methodological obstacles to doing so. Compared to beta-amyloid, which has been successfully imaged with PET in Alzheimer\'s disease, alpha-synuclein is far less abundant and is predominantly intracellular ([@bb0180]). If these issues are overcome, however, *in vivo* visualisation of the key pathological protein in Parkinson\'s could prove an important marker of disease progression and response to alpha-synuclein targeted therapies.

In the absence of a single diagnostic biomarker, the use of multimodal imaging also warrants further investigation. As well as providing a direct comparison of different imaging tools, the combination of these may yield more diagnostic information than either alone. There is already some evidence that combining transcranial sonography and DAT SPECT in persons with RBD increases the sensitivity for future pheno-conversion ([@bb0345]). Moreover, the sequential use of imaging tests may prove a more practical and cost effective way of screening cohorts for high-risk individuals ([@bb0720]). Diagnostic algorithms that include clinical, genetic and molecular biomarkers in addition to imaging may have yet greater power to detect early disease. Such methods have been shown recently to have predictive value in subjects without evidence of dopaminergic dysfunction (SWEDDs) -- individuals with parkinsonian signs but normal dopaminergic radiotracer imaging ([@bb0505]).

Whichever imaging test ultimately proves most useful, methods of identifying at-risk individuals from the population to target with neuroimaging need to be both accurate and cost effective. Risk markers such as anosmia and constipation are not specific enough, whilst identification of RBD itself requires an invasive and costly diagnostic procedure. As recognition of RBD as an important clinical entity becomes more widespread, the development of new technologies to facilitate its diagnosis is clearly a priority. However, focusing solely on RBD will not capture the full spectrum of prodromal disease, and particularly neglects female patients. A more inclusive approach will require screening at the population level, which is likely to be a multi-stage process. To that end a set of new diagnostic criteria for prodromal Parkinson\'s proposed by the Movement Disorder Society may prove to be a valuable tool for large scale risk stratification.([@bb0090])

Alongside the advancement of imaging biomarkers must come improvements in the detection and quantification of clinical signs of parkinsonism. The current gold standard is the Movement Disorders Society Unified Parkinson\'s Disease Rating Scale (MDS-UPDRS) ([@bb0260]), but whilst this is useful for the quantification of established PD it is likely to be insensitive to the progression of subtle motor signs in the prodromal phase and lacking in specificity in the elderly population ([@bb0045]). The creation of precise, objective methods to quantify early motoric disease is another area where technology has great potential.

Finally, the advent of new diagnostic tools for pre-motor Parkinson\'s disease will only be worthwhile if effective disease modifying treatments become available. It is encouraging that trials of several re-purposed medications are currently underway in Parkinson\'s patients ([@bb0005]), with other disease-specific agents on the horizon ([@bb0660]). The results of these promising interventions are eagerly awaited.

TB receives funding from the National Institute for Health Research Biomedical Research Centre, based at Oxford University Hospitals Trust, Oxford (grant code BRD00530). MH is funded by the OPDC Monument Discovery award (grant code AVR00610), the Oxford Biomedical Research Centre and National Institute of Health Research Clinical Research Network.

Financial or non-financial conflicts of interest relevant to the manuscript: None
